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FOREWORD 


This document is part of a three volume report prepared under NASA Ames 
Contract NAS2-10294, Mathematical Modeling for Vertical Attitude Take-Off 
and Landing (VATOL) Simulation. Volume I: hodel Description and Application 

provides background and details of a generic mathematical model for simulation 
of VATOL aircraft concepts. A six-degree-of '-freedom off-line (non-piloted) 
digital simulation program incorporating thxs model was developed and app] led 
to the Vought SF-121 VATOL concept. Volume I gives results of this application 
which included development and demonstration of a control system for terminal 
VATOL operations. Volume II: Model Equations and Base Aircraft Data gives 

all the model equations and SF-121 aircraft data in a simulation data package 
format. This volume facilitated the development of a piloted VATOL simu- 
lation at NASA Ames. Volume III: Users Manual for VATOL Simulation Program 

provides a description of the six-degree-of -freedom off-line digital simulation 
program, instructions for its application, and examples of setup decks and out- 
put for several of the SF-121 application runs. 

Project Monitor for NASA Ames was Mr. Gary Hill. The Principal Investi- 
gator for the Vought Corporation was Robert L. Fortenbuagh. 
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1.0 Introduction 


The basic objective of this document is to present without discussion 
all the equations which have been Incorporated In a VATOL six-depree-of- 
freedom off-line digital simulation program and data for the Vought SF-121 
VATOL aircraft concept which served aa the baseline for the development of 
this program. For details and background of the various mathematical models 
the reader Is referred co Volume I of the documentation for this contract. 
The equations and data are intend ’ to facilitate the development of a 
piloted VATOL simulation at NASA Ames. 

The equation presentation format is to first state the equations which 
define a particular model segment. This is followed by listings of con- 
stants required to quantify that model segment. Input variables required to 
exercise the model segment, and output variables required by other model 
segments. In several Instances a series of input or output variables are 
followed by a section number in parentheses which Identifies the model 
segment of origination or termination of those variables. 


2.0 Total Airplane Forcjs and Moments 

1# SoT " X TRST + X RAM + X AER0 + ScS + X C0R 

2 Y m Y +Y 4-Y-+Y -4-Y 

TOT TRST RAM AERO RCS COR 

3 * Z T0T “ Z TRST + Z RAM + Z AER0 + ScS + Z C0R 

4 ‘ L T0T “ L TRST + L RAM + L AERO + hies + L C0R 

5 ‘ SoT " SrST + Sam + M AER0 + ScS + M C0R 

6 ’ N T0T " N TRST + N RAM + N AER0 + N RCS + N C0R 

In £ u ts; Xjrsj* y trsT’ Z TRST’ SrsT* SrST* N TRST ^ Sect * on 2.0*2) 

x ram* y ram’ z rwm* Sam’ Sam’ n ram ( Section 2 . 0 . 3 ) 

Sero’ y aero* z a::ro’ l areo* m aero’ n aero (Section 2 ‘ 0,1 ^ 


1 



*RCS* T RCS* ^CS* hies* hies* N RCS ( Section 2.0.4) 
X C0R» Y COR» Z C0R* L C0R* M C0R' N C0R < Sectlon 2.0.5) 

hoi* y tot* z tot» l tot» hoT* n tot 


2.0. 1 Aerodynamic Forces and Moments 

2. 0. 1.1 Wing Forces and Moments 


Equations 1 through 13 In this section apply to the left vlng (I - 1) 
and right wing (I * 2) by appropriate changes In constants. The equa- 
tions are written In DO loop format with ladex (I) - 1 and 2. 

1. W I) - FS CG - FS W (I) 

2 * Y WXNG (I) " B V X > ‘ BL CG 
3 ‘ Z WING^ 1 ^ ’ ^CG - “if™ 

4 * “W “ U AS + q Z WING^ 1 ^ 

5 * hi ” W AS " q hflNG^ 1 ^ 

6. V^d, -/T^ 

7. A o, (I) - K. (1)6 (I) 

5 CW S C °W 

8. Oy(7) ■ tan" 1 ('Wify) 


9 . <sjd + 


10 . 


11. 


X. ' £l *IRO <iTEF w a)> 

6 tef " k tef u 6 tef u (i) 

w w w 


The calculations Indicated functionally In equations 12 through 15 are 
performed by the generalized aerodynamic equations of Section 2.0. 1.4. 

12. C T (I) • f 

hi 


l/ fi LEF ^* ^TEF aero constant81 

W W 


2 



13. 0^(1) " £ d* S LEF ** ro con#t » nt *) 

14. e .«> - f,V (I). <5^p (I), 0^(1). »*ro constants) 

w W r W 


15. 4^(1)- 


(^AX^LEF ^tEF *®ro constants) 0 ^( 1 )^* 

I o " W «i(I)< 0 - 


16. - O.SCCj^d) + C^(2)) 

17 * \i " 0 , 5 ( V l> + V 2>> 

18. o^. - 0.5<o^(l) + o^(2)) 

19. Vxz - 0.5(? n <l> + V n (2>> 

T 

20. ^ - tan-^AS/V ) 

*T 

21 . q H - 0 . 5 „S W V^ 


22 . ■ -[ ABy + 6VX v H:otH lf ) [o. SCX^^dl+X nIl0 W>Ml^H<^^) 




(tmA^) 2 /!!]] /(6 ASy-Mcosfl.) 


23. b/V 


-£ 

S • Vw [\ * \ V* + <b/V,<C 'r„ V* + V-‘l 

O C. 


5 b w /v xz 


v xz-° 

V ' 0 


25. n Ms . v* \\ * \ c 4 )8 “ + WV), .'V + V V 

° L L C D 

+ <b/v)p = s. O 


26. V - q„ C, c; t, 
S 


L 

V w 


3 



27. Xyd) - 0.5 ? w t C L w (1) 8in < a w( 1 >) - c u w (1) co *<°w (1) ?] 

28. Xyd) - 0.5 q w [c^d) einCOyd)) - C^d) coe(a w (2»] 

29. Zyd) - 0.5 ? w [-C^l) cosfOyd)) - C^(l) sin(Oyd))] 

30. Zyd) - 0.5 q w [“<^(2) cos^d)) - C^(2) 8in(0yd)>] 

31. a' - ol_ - 0.5 0/1) + l^d)) - 0.5 <Aa fi d) + Aa d» 

W1 " CW CW 

32. Iv, - U. cos a' - sin a' 

B S S 

33. JL. - R, cos a' + L, sin a' 

"b s "s 

«• \ ■ Vw [ c „ o + °- 5 <\ a ' + %«»] 

w 

35. AXy - Xyd) + Xy(2) 

36. AY w - Y Wg 

37. AZy - Zyd) + Zyd) 

38. ALy - ^ + Zyd) Y wing (L) + 7y(2) Yy IN( ,d) - 0.5 (Z^^d) 

+ ^ING* 2 ^ 

39. AMy - My + Xyd) ^ING^ 1 ^" ^^^SflNG^ " AX WING^ C vP 

B 

+ *W (2 * Z WING <2 ^" Z W (2 ^ X WING <2 ^“ AX WING (2 ^ C W^ 

40. ANy - Ny X W^ 1 ^ Y WING^ 1 ^“ X W^ 2 ^ Y W1NG^ 2 ^ +0,5Y W [^ING^ 

B 


+ ^WING ^ 2 ^ ~ ^^WING ^ 1 ^ + ^^WING ^ 2 w] 



Constanta : 


Inputs : 


Outputs : 


^CG* W'CG* BL CG* »»<«. "w«>. "V 1 )* Wl*w< 2 3 4 * >* BLy(l), 
BIy(2) i Kj (1) i Kg (2) | iy(l) i ly(2) , Sy , by* Cy, • 


St * C t ' C n ft • C n, • C n * C n * °x * C * * AS W» \ 

C L ?W 0 V °L °L C L ^ 

U AS* V AS’ W AS’ q ’ p e* V 6 7 * 9 Cy (1) * 6 Cy <2) * 6 LEFy (1) » fi LEFy (2) * 
6 TEFy (1) * 6 TEFy (2) * P 

AXy, AYy, AZy, ALy, AMy, ANy (Section 2.0. 1.6) 

ou_, C. * C_ (Section 2. 0.1. 2) 

WT d wt Htt 


2. 0.1. 2 Horizontal Tail Forces and Momenv 

These equations apply to both tail forward and tail aft configurations 
with appropriate change of constants. 

2 * y h “ bl h ~ bl cg 

3 - Zh-^cg-'S 

4 * ZwEL * 0,5(X WING (1)+X WING (2;) * ^ - 0.6 by cos [o.5(iy(l)+iy(2))] /ABy 

5. h + o- 6 >v aln [o.M^ai+v 2 ^] 

«• *WEL ■ 

7 - “UEL " / ^WEL^WEL ' **W /b W 

*• “H ' "AS + flZ * ' rY H 

9 * *H ” *AS + pY H ~ qX H 


5 



10. 



11. 



+ fi TEF w ^ 2 ^ 

t 

12. 

W A 

- °- 5 < S l£F H < l > 

+ i LEF w (2 » 

13. 

4 “1- 

Ojjj + 0.01745 


14. 

4o 2 ' 

Oyj - 0.01745 



The calculations indicated functionally in equations 15 and 16 are per- 
formed by the generalized aerodynamic equations of Section 2. 0.1. 4. 

15. * Sjgp » 4a lt aero constants) 

1 A A 

16. » ^Tgp » *«2* aero constant8 ) 

2 A A 


17. Aa H - 


(e/Cj^) < C l 1 ‘* C L 2 ) ® [ FS H " 0-3(ra w (l)+FS B (2))]/C5)C0.0349) 
(e/C^KC^-C^i [FS H - 0.5(FS W (1)+FS W (2))] /(.0349 Ug) 


18. La, - K 6 
6 a* e 
e 6^ 


19. cig - tan-^/u^ - e + A« H + i H + Aa fi 


The calculations indicated functionally in equations 20 through 23 are per- 
formed by the generalized aerodynamic equations of Section 2. 0.1. 4. 


20. 

V 

f L (6 LEF H ' 

5 IEF h 

21. 

C “h" 

f m (6 LEF * 
H 

4tEF H 

CM 

CM 

C D 

f D (5 LEF ’ 

6 tef„ 


A 

R 

H 

23 . 

ax ht“ 

fAX (6 LEF H 

* <5 tef ] 


aero constants) 

a < 0 . 

H W 


“»-’ 5 
"H ” 5 


6 



2 ». *g - * - <• + Asn, 

D H ■ “WEI I ,ln( V 

5 

2 ‘- °B ■ D WEL I co,( V 

c 


27. Z - 0.68 /c_ (D_ + 0.15) 

V D WT B C 


28. (6i/ q^) - 


2.42 [coa(D ir/(2Z)*g 2 /(D^+0.30) 


I D fis < Z and IaJ 1 < -jj- 

Vo D|i s i Z orlAyli j or Xgi 0 . 

29 ' «EFF “ °- 5 pS h ( 1, ■ (M/q o ))(u| + ) 


30 - “h " °H • h ~ La S 
1 e 


4X n * ^EFF^I^ 8lD ■ S H “‘“Hj* 


32. AY - 0 


33 ‘ 4Z H ' ’SFF^ “'“Hj - S„ “‘“Hj 1 

34 • 4l h ■ a Vh - 4 Vh 

35 • “e ■ W c . + V + 4 Vh - 4 V*h - “mV 

°H ’ 

36. i» H - -4 V h + iT H (X H ' 4 W 
Constants « FS^,q» WLqq» ^H 1 ^W* 

4 

(c/C^). FSy(l) , fs^Y), * 0j . S H . i*. c H . 


“as 1 w AS* *• ’> ri o* °* 5 TEF w (1)l 5 TEF w (2)i S LEF w (1)l 


W”’ 5 e- V V 41 5 LEF h ' i TFF H 


7 



Output* ; AXg, AY h , AZg, ALg, AMg, AHg (Section 2.0. 1.6) 
2. 0.1. 3 Vortical Tail Porcas and Moments 
1* “ K CG - 


2. T v * - BL cg 


3 * 


"V " U AS + qZ V - rY V 

5. '“v " V AS (1 * “ V “ pZ V + rX V 

6. K__ - f 2 (fi ) 

m t AERO S 

7 - ■«r-*«fr r \ 


6 - *m •** «cl> 


7 - 8 t ■ hnj 


8. 4a, - r « r 

r 5 r 


*• “v • M»" l (-V u v ) + 4 “« + i V 


The calculations indicated functionally in equations 10 through 13 are 
performed by the generalized aerodynamic equations of motion of Section 
2 . 0 . 1 . 4 . 


10. 

V 

f L (6 LEF v » <S TEF V ’ 

11. 

V 

f D (6 LEF y * 6 TEF v * 

12. 

c - 

% 

f m (5 LEF v * 5 TEF V * 

13. 

ax vt- 

f AX (6 LEF v ’ 6 TEF y 

14. 

a m 

\ 

°V " Ao 6 - \ 
r v 
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15 . 


V T " f 3 <<*> 

a eff aero 

16. i v - 0.5 ps v V^uJ + vj ) 

17 . AXy - iyCCj^ sJnOy - C^cosc^) 

18. AY y - q v (Cj^ cose^ + C^slnOy ) 

19. AZy - 0 

20. ALy - -AYyZy + AZyYy 

21. AMy - AXyZy - A Zy (Xy - AX^Cy) 

22. ANy - iyCy(C n + C ) + AYy (Xy - A^Cy) - AXyYy 

°v * 

Constants : FS^q, BL^ ( ^CG* ^V* ^*v* ^v* * ^V* ®v* C V* Si 

6 r °V 

Hmm* V V *S’ P> ’• r> 5 r' ®LEF V - S T1F V ' ° 

Outputs : AXy, AYy, AZy, ALy, AMy, AN y (Section ^ 3.1.6) 


2. 0.1. 4 Generalized Aerodynamic Equations 

These equations generate the lift, drag, and pitching moment coefficients 
and center of pressure shift for lifting surfaces as a function of local angle 
of attack and trailing and leading edge flap deflections. The equations are 


programmed as a 

subroutine. 

With appropriate constants and inputs the sub- 

routine outputs 

represent wing, horizontal tail, or vertical tail aero con- 

tributlons . 

c* 

-TT < Og < IT 

** °S “ 

j °S + 2ir 

a s < -* 


C°s " 2lt 

a s > * 


9 



w - CL 


“s s ,/z 


2 - “c*ic = 


If + <*_ 


•i;v° 


°s - ~ T 


oi 'VT 


Equations 3 through 11 define calculated constants. 

3. tan ■ tan Aj^ - (1 - X)/ £aR(1 + A)] 

4. (^ - 2rAR e / [2. + ^2irAR e /a o )* (1 + tan 2 A^) + 4 ] 


1 5^4 

5. - 0.527 (1 + d/br*”* + 0.473 


6. C x - 4.47X 3 - 8.125X 2 + 3.712X -0.029 

7. C 2 - 2.943X 3 - 7.208X 2 + 5.199X - 0.113 


8. J » 0.3 (1 + C. )AR cos. 

1 \e 


(“(l+OARtaniL _| 
(l + CjXi + Cj) - 1^ l — ~j 


9. K 


C 1 . 628 /r 

(0.22J 

10. • (C /coso^ - C^ ^W(b) ^S®/S) (sin 2a b >/2) / £sin a b |sin ajj 

aa oAX oi 


j i. 0 
j < 0 


11. e - 0.527 + 0.1494 AR - 0.01429 AR 2 

e e 


R cos 


’ “» “calc - ' 


2 tan a. 


2.4 


a CALC- a b 


i2. C N - 
N aa 


l 1 - 1 *-** ] (i - tM °b ) 

0 « * tan a ' 


-0.674 C. sin 
a 

e 


jjT jl- 0.6 


CALC 

tana. 


tana 


CALC 


■ -(sy I • 


CALC ><X b 
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-CP l (coso CALC * l ‘> + CT 7 ,ln °r.Tr 


a CALC S °b 


14 ' “CP" 




3 


cosa^) - CP^sina^ 


+ CP^Ccoso^ - 1.) + CP^si® 01 ^ 


0 CALC >ei b 


15. C, 


(C 


\ K W(B) (S e /S) c08 “cALC +(C N +S )slna CALC )c080 CALC 8ln0 i 

eta aa 
o 


CALC 


Equations 16 through 19 Incorporate trailing edge flap effects. 


16. SF - (1. - — ) 

1 S °TEF 



Q| ■- W w% 

“b < “CALC < “b + Aq TEF 
°CALC * “b + A “TEF 

“CALC - “b 

“b < “CALC < “b + A “TEF 


1 1 



19. 



5 TEF 


TEF 


SF, 


“CALC - °b 

“b * “CALC < “b + A “lEF 
“CALC * “t + a “tef 


Equations 20 through 24 incorporate leading edge flap effects. 


20 * “max 
21. SF 2 - 


( 1 . 



) 


22 . 




a 

„ /°CALC\ 

TEr VW / 


SF 2 

“max < “calc < “max + Ao lef 

jwJ ** 

(. 


“calc - “max + a “lef 


23. 




I« 


LEF' 


6 LEF' SF 2 


“calc*“max 

4 

“max < “calc < “max + a “lef 
“calc i “max + a “lef 
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“calc s “max 


“max < “calc < “max + a “lef 
“calc * “max + a “lef 

0<a g i y or -IT i g_ < - 

“s 2L~1 K a S S 0 


26. 

C D 

V + * c d + ac d 

TEF U LEF 


TOT 

27. 

C_ - 

AC + AC 



“tef “lEF 

28. 

a. “ 

C /fir AR el 


1 

Hoi L e J 

29. 

C l" 

C. cos a. - C n sin a. 

xOT TOT 1 

30. 

s- 

j C_ cos a . + C. sin a . | 

TOT L TOT 

Equations 14, 27, 

29, and 30 represent the quantities passed back to 


the aerodynamic force and moment equations. In the symbology of Sections 
2. 0.1.1, 2. 0.1. 2, and 2.0. 1.3, these quantities are equivalent to the 
following: 

* X CP " f AX (6 LEF’ 6 TEF* V aer ° con8tant8 > 

C L " f L (6 LEF» 6 TEF' “S' aer ° constant8 > 

C D " f D (6 LEF' W “S’ aer ° con8tant8 > 

C m " f m^LEF’ 6 TEF’ “s’ aer ° constants ) 

Constants: AR, AR^, a , ^1,E' “b" CP ^ , CP^, C^ , d/b, 

** 
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NJH 





° s * 6 tef* 6 lef 

0ut P4 t £ ; <v S’ C m’ AX CP 

2. 0.1. 5 Fuselage Forces and Moments 

1. - tan** 1 C-v^/w^) 

2. a F ^ - ten -1 t/ v ^ + '^ s '/u AS ) 

3. • 0.S »(^ *^1 

4. - 0.5 P(u2j + sjj) 

n i 

5. (A/q) - < a /OmAX 8 8 n ^* » C °8° F )|cos a p | 


6. Ap - q (A/q) 


/a (18) 

n, 

( 1 

(?/q) MAX |8in 13'l 

\ n 

7. (S/q) -} 

sgn(l., sina_ )|sln 

f y 

(f® /q W 

8. S p - 5^ (S/q) 



/ ( ° - a o F H18) (« F/q ) lain^l" 3 


9. (N F /q) - ^ 


18' 


MAX 


(Np/qJjiAx «gn(l.f ®in(a - a Q ))|sln(o 
V. F 


10 . N F - q x2 (N p /q) 




> 


ir 

18 



IT 

18 




14 





15 



14. H - q^OJ/q) 
0 


1*1 i hs. 


15. AFS f - 


<l«l “ hs^ trs ij ( ' k n 2 “ M > Ssj 

|afs f | > |afs f 


AFS 


16 ‘ ^ - ^CG - re F 

17. 1j • BLy - BL^ 

18. Zy-WL^-WLy 

19. AXy - -Ay 

20. AYy-Sy 

21. AZy - -Hy 

22. ALy - AZyYy - AYyZy 

23. AMy • M + AXyZy - AZy(Xy - AFSy) 

24. AHy • N + Ky AYy(Xy ~ AFSy) - AXyYy 

F 

^ q *KAX’ * S ^ q *HAX» **V q *HAX’ ^ q ^HAX^’ ^^KAXj’ ^^HAXj* 

(H/q) HAX 2 » V n 2* n 3* n 4* V V V ®Oy’ °ly' °2y» 

AFSy , fy , FS CC » bl cg» ^CG* K F* BL F* 
o F 

V AS* *■ P 

AXp, 4I r , AZ r , ALp. AMp, AN p , (Section 2.0.1. 6) 


Constants 


Inputs: 

U AS* V AS* 

Outputs : 

AXy, AYy. 



2.0.1. 6 

Summation 

of Aerodynamic Forces and Hoewnt 


1. 

X AERO 

m 

AX W + 

AXg + AXy 

+ AXy 



2. 

Y AERO 

m 

AY W + 

AY h + AYy 

+ ay f 



3. 

Z AERO 

m 

AZ W + 

AZ h + AZy 

+ AZ f 



4. 

l aero 

m 

AL W + 

ALg + ALy 

+ AL f 



5. 

m aero 

m 

&M W + 

AMg + AMy 

+ AMy 



6. 

n aero 

- 

AH W + 

AN h + ANy 

+ AN f 



Inputs: 

AX W , 

AY W 

* AZ w» 


ANy (Section 

2.0. 

,1.1) 


AXg. 

ay h 

, 

“*• am h’ 

ANg (Section 

2.0. 

,1.2) 


AXy, 

4Y y 

* AZy, 

ALy • AMy, 

ANy (Section 

2.0. 

,1.3) 


AXy, 

ay f 

* AZj,, 

AL f . AHj, 

ANy (Section 

2.0. 

.1.5) 


Ou t put » : X^j^. Y AERO» 2 aero- l aero* m aero* n aero < Section 2 *°) 
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2.0.2 Direct Thrust Fore— and Mo— nf 

Equations 1 through 12 In this auction apply to aach angina by 
appropriate changes in constants. The aquations are written In DO loop 
fonat with Index (I) ■ 1, 2, etc to ntaober of engines. Equations 1 to 
3 require solution only once per run. 


1. 


2. 


3. 

4. 

5. 

6 . 
7. 
6. 

9. 

10 . 


11 . 


12 . 


Eyd) - FS^ - FS^d) 
y t ( i > • BL sw< I > - BL CG 

V 1 * " “-CG - "W 1 * 

AFSgy(I) - 1^2 ^cos(P T (I)) coso y cos(6 T (I))-sln(e. f (I))slna 7 j 
4BL SW (I) - -1^2 [sln(P T (l))cos (6 T (l)) 

AWL gw (I) - "4JHJ2 [cose sin <0 T (l))+co8(e T d)sina y co8(f T d)) 

4^(1) - cos” 1 £cos(e T d))cos(P T d)T| 


K. « K a Apjd) + K 


St W 


St2 


t cor (1) “ k a ft t appl < i) 


AX(I) - T^d) [cos(e T (I))co8(* T (l))co80 y - 8ln(6 T (I))8lno j ] 
AT (I) - TcqrC 1 ) [co8(e T d))8ln(p T d))] 

AZ(I) - T cor (I) [-co8(6 T (I))co8(p T (I))8lno y - 8in(0 T (I^co8O y 


13 ‘ Srst 



AX(I) 


14. 


Y TRST 


E eng AT (I) 
1-1 


15. 


Z TRST 


AZ(1) 

1-1 
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n 

16 * HrST " AZ(I) [ Y T (I) + ABL SW (I) ] " AT(I) [V X> ‘ AHL SW (I 9 

17. m trst - AX(I) [^(1) - - AZ(I) [Xpd) - AFS SW ('^ 

n 

18. N TRST " r * n8 AY(I) [ X T (I) " AFS SW (I) ] " AX(I> [ Y T (I) + ABL SV (I il 

1*1 

Comt«nt» : FS CC » 8I *cG* ^CG* FS SW^* ®** 5 yd)» ^Stf^* Sk>Z’ °y 

A m* A FT 2 * eug 

Inputs : * T d), 8 T d), T^pj^d) 

2 n^ E Itf? ; ^trst* y trst» z trst* ^trst* **trst* ^TRST ( Section 2.0) 

2.0.3 Inlet Ram Forces and Moment 8 

Equations 1 through 23 In this section apply to each engine by approp- 
riate changes In constants. The equations are written In DO loop fornat 
with index (I) ■ 1, 2, etc to number of engines. Equations 1 to 3 require 
solution only once per run 

1. x^U) - fs cg - FS IN (I) 

2. Y in (I) - BL I(i «) - BL cg 

3. Z IN (I) - W. C( . - «. IK (I) 

If airspeed (V^) • 0, skip equations A through 17 and set AXp (I), 

o 

AY r (I), and AZ R (1) - 0. 

O J 

*• *TOHi ■ CM '“ r<»AS COM y - »*s* ln 0 y )/V tl 

o 7 

5 - B TURH • [ v AS /(v AS c ° M y + u AS* in0 y >1 

6. V IN (I) • m(I)/ [g^c>r IN 2 

7. V0V IN (I) - V A /V IN d) 
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8 * W X) “ A TOTM 0 > 


9 * AA TDIW (I) " f Rj C V0V i H < I )t A TURH o ) 

10 . t> r (I) - f R (V 0 V IN (I) » A TU*N * 

3 o 

“• • *TDB. + *W I) 

o 

12. F^d) - -i(I)V A n R (I)/g 

^HAM " ****IN^ + ^ r m I *RAM^ 1 ^* in0 y 

14. FS^ - FS ik (I) - 2r IN L RAM (I)co.d y 

15 . 4 X^( 1 ) - Fg^I) [c»*(* T 0 K( CI)'“W, + • 1 »(A TmH <I»co.<B TBBi ).l«> y ] 

16. 4T R (I) ■ F M Md).in(A T0 | tH (I)> , l.<B Ttnu| ) 

o 

17 . AZ r (I) - Fj^d) £-cos(A TOTN d))»lna y + slntAj^jjCDJcosCB^^^Jcoso^J 

o 

18. u x - qz IN d) - rt IN d) 

19 . Vj - rXjjjd) - pZ IN (I) 

20. M t - p^ IM d) - qXj N d) 

21 . AX^d) - -idJUj /g 

22 . AYj^d) - -BdJVj /g 

23. AZ^d) - -id)*,. /g 

»• Vm * 0\ (I) + 

»• r »*H - ;7 K (I) - 4 \ (i) 3 

I-l o i 
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26 • Sam' 2 ^* L 4Z R 0 (I> + 

”• Sam • 2 “* K (I)T IM (I) " 4T E (1 >Kc-“ L RAl3 +i2 R T (I >’ r iK (I) 

1*1 O O 1 

- 1t r i <i) 2 ih( i >] 


28 - Sam ■ C K «>t" l CG-’ iL RAli|- AZ R < I >[ FS CG- re EAMl +4It E T <I)2 Il 1 (I > 

1*1 o O X 

29 - b eam ■ 2 “ g T 4T e (i> Kg^ra)]- 11 * (OTnOWLOWnffl 

1*1 O O L 


- 4x * i <i > , in < i 'J 


Constants 


! ^CG' Bl CG- “W FS IN (I) ' 4 4 m (I) ' V 

Inputs ; u^, v AS , Was , p, q, r, V A , p, m(I) 

X^, I . Z RAM , L^. M^, Nram (Section 2.0) 


* r lN’ 8 ’ “eng 


X 1N (I), Z 1N (I) (Section 2.0.5) 


2.0.4 Reaction Control System Forces and Moments 

Equations 1 through 15 In this section apply to each RCS jet by 
appropriate changes In constants. The equations are written In DO loop 
format with index (I) *1, 2, etc to number of jets. Equations 1 to 4 
require solution only once per run. The RCS equations are depicted on 
figure 2-1. 

1. X JET (I) - fs cg - fs jei «> 

2 ‘ y jet^ “ bl jet^ ” bl cg 

3. Z JET (I) - WL cg - WL JET (I) 
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Figure 2-1. Calculation of Individual RCS Jet Forces 



4 ‘ Frcs mx " 

O 

JjET 

1-1 

I'rc^^I t 1 - MD<I >] 



( 

' \cs m m { RCS (I > 

DMD(I) - 1. and 

5 * f rcs ( i) " 


J P RCS ln (I ^ t 1 + t RCS <I) ] 

DMD(I) - 0. and 


( 

0. 

% 

f rcs^ < 


6. F 


RCS 


- z JET 

SUM 1-1 


RCS 


(I) 


7. AF_ r< , - £ JET F_ r _(I) DMD(I)BLDM(I) 
Rtb DMD 1-1 


8 * F nr<! " ( F i>rc + AF »r«! > 

RCS LU R ^ S MX RCS DMD eng 

o 


9 . B 


REQ 


t RCS 2 (F RCS LU ) 


REF 


b req > ®REF 


b req - b ref 


10. F, 


RCS 


AL 


f RCS 1 (B AVL* 


RCS 


LU 


b req > b avl 


b req - b avl 


11. BLD 


REQ 


AVL 


b req - b avl 
b req > ®AVL 


12 • F RCS C (I) “ 


0 . 


F rCS “ °* 
RCS S13M 


F R CS <I)K ; n en 8 F RCS AL /F RCS SUM F RCS sm * °- 


F RCS«> i °- 
F RCS«> i °- 
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u. f ECSa <i> 


H. f Ks a ) 


>rcs hax (I) 

r «cs A ( » 2 

[ F RCS c (I)-F RCS a (I) ] /t prcs (I) 

' W:S MI 1 | n)< ' ,,CS A (I>< ' KS HAX <I) 

* ks mih (1) 

t * CS A <I> - ^ CS HIH (I) 

f rcs 

nAX 

P *cs «> i F *cs. (I > 

rlAX 

/F RCS A (I)dt 

f rcs (i)<f rcs (1)<f rcs 

rUN * nAX 

f rcs a 

F RCS .^- F RCS. 

Nin 


15 ‘ 1 X *CS (I) ■ f rcs. (i)co«(* JET (i))co»(e JET (i)) 

A 


16 . AY^d) 


F SCS < I),1 “ W JBT< I » co * < 6 JET (I » 

A 


17 - 42 RCS (I) 


- F RCS A (I >* 1 “ (e JYT< I » 


v . ? JEr 

Vs 1-1 

"W” 

„ .* 1 ™ 
RCS 1-1 

4Y RCS^ 17 

z - e jet 
rCS _ . 

4Z KS«> 

I-X 

L - r JET 1 

l rcs : . 1 

[ AZ RCS (I)Y JET (I ^” AY 1 

X«X 

vs • sr i 

Kcs a)2 JH (I) - 4Z : 

„ “jet 1 

Vs-L 1 

L 4 W iw jei ( ihu1 . 
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Constants ; 


FS CG* BL CG* ^JET^’ BL JET^* ^JET^* ®RKF» 

F RCS_ (I) * “® (I) * iE5S(I) * *JET (I) * ®J1ST CI) » W n JBT' 


MX 


(I). F_ 


Pppc C^)» ^iipe (I)» ^©rc \*/t 17 ©cs 

“'max “"mm RCS A WN 


(I *‘ T n>cs (I) 


1 S 2 HU : « RCS «>. » AV1 . *l 

Outputs : BLD (Section 2.1) 

^CS’ Y RCS* Z RCS* l rcs* ^CS* n rcs ( Sectlon 2 *°) 

2.0.5 Coriolis Forces and Moments 

Equations 1 and 2 in this section apply to each engine by appropriate 
changes in constants. Equations 1 to 8 are written in DO loop format with 
index (I) - 1, 2, etc to number of engines. 

1. X. - X 7 „(I)coso -Z (I)sino 
uOR 1N 7 A " 7 

2 - \ m m -x IN «).i»V Z IN a, “ 80 y 


3* ^ 8 - 2m ( I ) q ^ ^ n0 „ f 8 


COR 


1-1 


4. - J en8 2m(I)£ DUCT (rcosa. + psinaj/g 


COR 


1-1 


u 

5. Z , nB - Z* 08 -2i(I)qi DUCT coso w /g 


COR 


1-1 


6 - L c'or ■ - 2 " (I)t DUCT * 2 L c0R <rCO,O , + p,ln< ’y ) ] '« 


1-1 


7 m - r en8 
c0R i.i 


m(I)< > , mJCT <2X L ' *DUCT )/r 


COR 


8 - "cor ■ !*** W 2X L™ - W< tco "V + » ,ln V /g 


1-1 


COR 


9 * L C0R “ L 'cOR co80 y + N C0R 8ina y 
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10 - R COR * - L C0» “""y + "coo C0,<, T 
SSSSSBH' «,• ‘duct- « 

Inputs ; m(I), Xj N (I), Zjjjd), P, q, r 

■ 0ut P ut * ; x cor* y cor» 2 cor* l cor» “cor* “cor ^ S * ction 2, °^ 

2.1 Propulsion System Equations 

Propulsion system dynamics are calculated by the equations In Section 

2.1.1 which are depicted on figure 2-2. The equations of Sections 2.1.2, 
2.1.3, and 2.1.4 which provide for calculation of Inlet maos flow rates, 
gyroscopic moments, and RCS-propulslon system Interactions are depicted 
on figures 2-1, 2-2, and 2-3. 

2.1.1 Thrust Dynamics 

1 * *bt " “bt^ref + “bTj 

2 - V ■ H <v 

’• '<*■ ' V* 

4 - V • 


Note that equations 5 and 6 define thrust commands for a two engine 
configuration In which differential thrust Is employed for yaw control. 

If another thrust arrangement and/or logic Is used, equations 5 and 6 must 
be modified. 


5. T c (l) - 


6. T c <2>- 


°- 5 t cmd + Vyaw 


IDL 

0,5 T CMD ' k t y 6 yaw 


F_ 


IDL 


T C (D > 
T c (l) < 
T c (2) > 

T C <2) i 


IDL 

IDL 

IDL 

IDL 
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Figure 2-2. Propulsion System Dynamics and Performance Model 
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Figure 2-3. RCS-Propulsion System Interactions Model 







Equations 7 through 18 apply to each engine by appropriate changea 
in constants. The equations are written in DO loop format with index (1) ■ 
1, 2, etc to number of engines. 




<F r /¥ < T_ <1. 

IDL mIN r IN 


7. T, 


r IN 


F r / F 
g idl 


g min 


T < (F /F ) 

in idl Sun 


1. 


T > 1. 
F IN 


8 * t f " t f t - t f ( i) 

e IN 


9. T_(I) - f-_ (T_(I)) 

F MAX TS 4 F 


10 . 



^ " f ps 5 


<t f (i)) 


U * t eng ( i > - f PS 6 < t f ( i » 


T p (I) 
'max 


v- (I) * T f (I) 
MAX 


12. T f (I) - 


t f /t eng ( i) 

e 


<1) < T_(I) < T_ (1) 

" "u 


MIN 


MAX 


t f U> 

MIN 


T f (I) < T_ (I) 
F " F MIN 


13. T f (I) - /T F (I)dt 


T (I)/F - T (I) 

C g min F 


14. T 


Afi 


IN 


15 ’ T AB e " T AB in " T AB (I) 


T (I)/F_ > 1. or T.. > T 

c Sun ^in ^on 


T._ < t ah T A _(I) - T a« 

^IN ^ON - * ^OFF 
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It. *„<«- 


AB 


18. T q (I) - 


AB 


Constants : 


r t 

T “ a> - T “wr 

| T AB e ,T AB 

*«kn. ‘ *- (I) * H* 

• 

T 

*- tt) - t « Mn , 

(Ddt 



T ° <1) : F w 

^ [ t ab ( i > + t f ( i 1 

F < T (I) < F r 

Son max 

^ g idl 

T « (I) - 

x’ Tab min’ Tab ’ Tab on’ 

T *W ‘'•Y *" 2 


T CMD* 6 yaw 
Outputs: T o (I) t T p (I) 


2.1.2 Inlet Mass Flow Rates 

Equation 2 in this section applies to each engine by appropriate 
changes of variables. The equation Is written In DO loop fomat with 
index (I) - 1, 2, etc to number of engines. 

1- "lltx ” £ PS ? %' 

2. i<» - + V 

Constants : F , K 

*1 tt 2 

Inputs: ^ , T p (I) 

Outputs: m(I) (Sections 2.0.3, 2.0.5) 


30 



2.1.3 Gyroscopic Hogg of 


Equations 1 and 2 In this ssctlon apply to aach angina by approprlata 
changas of variables. The equations are written in DO loop format with 
index (I) ■ 1, 2 etc to nuaber of engines. 


1. W l > * f PS „«F (I » 
o 


2 - “.«> - WrpmW 


3 * l gyro ■ 


n 

I eng -H (I)q sino 
1-1 * y 


4. M. 


GYRO 


E en ® H (I) (rcos a + p sin a } 
1-1 * y y 


5 * N GYRO “ 


I*” 8 -H (I)qcoso 
1-1 * y 


^SSt22ts: 0^, J £NG . °y 


Inputs : T p (I), p, q, r 

: L gyrd* m gyro* n gyro 


2.1.4 RCS - Propulsion System Interactions 

. Jeng 

1. T__ 0 - T (I) 

^AV “ENG 11 


2. B 


AVL 


3. K* - 
m 


' V * ' X 


r 


K T / F + K 

1 ^AV C MIN m 2 


RCS - 0. or B avl < 0. 


RCS i 0. and % kVL > 0. 

TrE( >AV - \lN 
^AV SlN 
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*• St' - St, »“ + St 2 

Equation 5 is the sane for each engine with appropriate changes In 
variables. The Index (I) • 1, 2, etc to nunber of engines. 

s - W» - T o< t >Sf 
Ssssssit’ “.a*- Sr l * St 2 > “• Sj> Sj 

Inputs : T o (I), BLD 

Outputs ; (Section 2.0.4) 

t appl ( i) < s « ction 2 *°* 2 > 
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2.2 Actuation System Equations 


All actuators are Modeled by title generic rate and position limited 
fora depicted in figure 2-4. Actuator inputs are defined in Section 
2.2.1. Hot all the actuators Mentioned herein are required for Modeling 
every VATOL concept. Since it is impossible to conceive of every variable 
which might be combined to form each actuator input* only those inputs and 
actuators required to model the SF-121 VATOL aircraft are fully specified. 

2.2.1 Actuator Inputs 


1. Wing Control Surface Deflection 

6r (I) * Not used in SF-121 application 


’ V * 

j m Cl for left wing 
(2 for right wing 

2. Left Wing Trailing Edge Flap Deflection 


PITCH 


K 5 a 6 ROLL 


5 >6 

6 C fc MAX 

<$ < 6 < 6 


e MAX 


®C e MIN 


6 > 6 
a C a MAX 


<6 <6 


6 < S 


6 TEF “ 6 TEF + e C “ a c 

"c *R 

3. Right Wing Trailing Edge Flap Deflection 

( 2 ) - + 6 „ + « . 


4. Wing Leading Edge Flap Deflection 

S “ F « C U) ' U) ' Xn * + ‘“'m 
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Figure 2-4. Generic Actuator Model 






5. Horizontal Tall Control Surface Deflection 

■ Hot used In SF-121 application 

\ 

6. Horizontal Tall Trailing Edge Flap Deflection 

sm ‘ + ‘ tkf b2 

c 

7. Horizontal Tall Leading Edge Flap Deflection 

^IEF " Not used In SF-121 application 
H C 


8. Vertical Tall Control Surface Deflection 

SoLL + fi r 


6 YAW + K fi„« 


y r 


9. Vertical Tall Trailing Edge Flap Deflection 
- Hot used In SF-121 application 


10. Vertical Tail Leading Edge Flap Deflection 

” Not used in SF-121 application 
V C 

11. RCS Normalized Jet Areas 
4 RCS c ^ “ “ 5 ROLL 

fi RCS c " 6 R0LL 


Only two RCS jets are used In the SF-121 application. 
Inputs represent normalized jet areas. 

12. Pitch Thrust Deflection 


g t c (1) “ K ar«p ^pitch + K 9 T 5 r fiROLL 

9 T C (2) " K e T S p SlTCH ~ K 9 T 6 r 6r0LL 


The actuator 


13. Yaw Thrust Deflection 

* (1) - K s + % 4 6 R0LL + ♦ (1) 

C T y T r t ref 

*T C (2) “ V « V ^AW + % 6 Wl + * (2) 

7 1 REF 
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Constants 


Inputs: 
Outputs : 


S TEF W » K « p » K 5 r * K LBF w2 * K 6 y 

Vr* VAV V"’ *W Sra* *W 
! w V \ 

fi PITCH’ fi RDLL’ 6 YAH* ° * 4 r 

a 

y 

5 CL, «• 5 !EF h »• W «• 5 I£F h «• W <*»• *e, • 

w c w c w c w c "c H c 

5 tef * 6 lef * & a. 6 tef„ * 6 lef„ • 6 rcs r (1) * 5 rcs_ (2) * 

“c H c v c v c c c 


e T (l) , e ( 2 ) , # (i) , *_ ( 2 ) 

c T c T c T c 


2.2.2 Actuator Dynamics 

The actuators are all rate and position limited as Indicated on figure 
2-4. The general actuator equations are given below. 


I 


MAX 


V 1 *- «MAX 


1. « 0 tt> 


T — C6 X (I) -« 0 CI» 

X ACT k ° 


6 min < V 1 ) < 5 max 


MIN 


5 o (I > 1 <KIN 


MAX 


*o Cl > 1 5 MAX 


2. 6 o Cl) 


/fi Q (I) dt 


MIN 


6 MIN < 5 o (I)< 6 MAX 


SCI) < « 


MIN 


I • 1, 2, etc. to number of actuators. t act » 5 |<gx» 5 MIM* ^MAX* 811(1 
6 >fTM are defined for each SF-121 actuator In Section 3.7. 
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2*3 ss aaal 

The flight control ay* ton doflnod herein (figures 2-5,2-b, 2-7 and 
2*8) i» opoclolisod to VATOL aircraft conversion, reconversion , and hovar 
flight. Iha rationale for tha varloua control optlona la diacuaaad In 
Voluaa I of this report. A brief raauaa of theaa optlona follows: 

Cockpit manipulator lnputa to tha system Include: 
a longitudinal stick deflection ( ^fyoSIK ’) 
a lateral stick deflection (d TAT gTg ) 
a pedal deflection (6pgp) 
a manual throttle (6 ^^ ) 
a heave rate command lever Cd H | tAg lt ) 

The pedals and stick deflections can be manually trimmed. By appropriate 
gain changes the system can provide attitude and/or rate augmentation in 
roll» yaw and pitch degrees of freedom and rate augmentation in heave. Body 
axis rates and integrals of these rates provide the rate and attitude feed- 
backs In roll, pitch, and yaw while inertial altitude rate (z^) provides 
the rate feedback in heave. Also by appropriate gain changes the stick and 
pedal inputs can be shaped to provide attitude command, rate comaand-at t ltude 
hold, or (by nulling attitude feedbacks) rate command functions. With the 
exception of the lateral acceleration to rudder feedback which is programmed 
as a function of dynamic pressure, system gains are programmed as a function 
of pitch angle. Control system type and lateral stick and pedal functions can 
be switched at a user-selected pitch angle. For example, in the baseline 
SF-121 control system as pitch angle increases beyond 55 degrees, the heave 
axis changes from no augmentation to heave augmentation, the pitch and yaw 
axes change from rate command-attitude hold to attitude command, and the 
lateral stick and pedals reverse command roles. 


2.3.1 Control System Function Switch 

(°- 

l * CS SW “ | 


Constants: 

V, 



Inputs : 

V A 

Outputs: 

cs sw 
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fifur* 2-7. Cnttlc low Control Syweon MxUl j Kf s ft* CSqw ) 























^Af ij\ 


Figure 2-8. Generic Heave Control System Model 




2.3.2 Roll Control System 


K p * ^CS < V A> 
c 1 

2 - V ’ r CS, (V A> 

C I 


6. K 


V 

f os 3 

<V 

K 

= f cs 

u ( v 

V 

^5 

<V 

K 

P ATT 

3 f cs 

<V 
6 A 

t roll 

* f cs 

(V A 

22 A 

K - 

P B 

fcS 23 

(cs gw 

K /P * 

Hu 

< CS SV 


10 - *♦ = f cs 25 < cs sw> 

11 • P CMD ■ ^ " CS SW^ 6 LATSTK * CS SW 6 PED 


12 . t. 




sign (l,6„ )(l-CS gw )+K r sign(l,«„ )CS, 


TRM 


13. 

P TRM 

* ft. 

lU. 


* K 


'TRM 


p P CMD 
C I 


•BUT 


TRM^ 


r BUT'" SW 


l« r I OR I* I >0.02 


BUT 


BUT 


I^butI ato |« n | <0.02 


•BUT 


15. P„ 


“TRM 


//*> dt 
, C TRM 


(K^ = 1 AND * sw « 1) OR (K /p -l AND * sw »0) 
(K^ » 1 AND * RU = 0) OR (K^-l AND * RU -1) 


fp 


k2 




25. Set (J.^ * 1 only if (K^ « 1 AND 4> gw ■ 0). This means that was 

y 1 in the previous iteration and became 1 in this iteration. 
Set ♦gy ' 0 only if (K /p s 1 ME * sw * D» Th* 3 a*"* 8 that K /p v® 8 

j< 1 in the previous iteration and became 1 in this iteration. 
Otherwise 4^ is unchanged. 
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Constants : p , K , 

e LIM ‘ 

Ip J2 H t .g. : V A » C s sw > 6 LATSTK’ 6 PKD» P * P s* ** 

M 2 i * s : « R0LL 

2.3-3 Pitch Control System 

x - V - f cs 7 <V 

2 - K , - *cs fi <V 

C I 6 

3- \ " f CS 9 <V A> 

• f os„ <V 


U . K _ 


'II 


?. K = f _ 
\ ®- 

6. K 


10 
(VJ 


11 


= f 


ATT 


CS 12 ( V 


7 * X PITCH = f CS 2 g ^ 
8 * “ % 7 (CS SW> 

9 ‘ ^ = ^28 ( CS SW > 


10 * 


sign(l,6„ Hl-CSsvHK 


sign(l,6 n JCS^ 1 6 q |>0.02 


BUT 


BUT 


BUT 


\6 | < 0.02 


BUT 


11 ' q TRM = 7 ^TRM dt 
12 ‘ ‘ \ i “ GSTK 


13. a 


'TRM 


l 1 *. q„ - q, 

C C 


[/4 C dt (K 0 *1 AND 0 gw =l) OR (K ;< =1 AND 0g W =O) 
TRM 

0 ( R 0 =1 ME c Brf «o) E5. ( K /q =1 ME Q - - f “D 

+ K 6. 


TRM 


c %- k ] 

1S 4 = ■) 0 

>4- dt 

’Is 


a LNGSTK 
r PITCH 


t PITCH ** 0 


16 . qj = 


T = 0 

t PITCH u 

t pitch ** 0 


t pitch “ 0 



17. 

10 . 

19. 

20 . 


*MT 



(K ;<1 - 1 ATO ©, 


Stf 


(K /q • 1 AMD 0. 


Stf 


0) 

1) 


'/o ' 0 


% * ^ * 'Hm ‘ '’nr * *9 0> 

4 “ K K j 

*raM q e % n ** 


%** 



LIN 


S^SllI 

"^LDI 'S’lW 


21 • = 

22. Set Gg^ * 1 only If (K q » 1 AMD » 0). This means that K Q was i 1 

in the previous iteration and hecame * 1 in this iteration. 

Set Ogy = 0 only if (K^ ■ 1 AMD * 1). This means that Ky^ was 

^ 1 in the previous iteration and became * 1 in this iteration. 
Otherwise 6—. is unchanged. 


Constants : q , 

e LIM 

Inputs : V , CSgy, 

« PITCH 


K » K „ 
“TRM^ TRMg 

6 LHGSTK» ^3^ 


q, e 


2.3.4 Yaw Control System 


1. 

2 . 

3. 

4. 



f 

i 

f 


CS 13 (V A> 


cs 


14 


(VJ 


f «» 'V 
■ (v * : 


5. K 


r CS 17 <V 


* f 


‘ATT 


CS (V A } 
CS 18 A 
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b. 



7 


8 . 

9 . 

10 . 

n. 

12 . 

13. 


K * fcs (5) 

y “19 

T YAW “ f CS 2g ( V 

S * f(S 30 (CSsW ’ 

" f CS a '“ sm * 

K fr * f CS 32 <CS SV> 

S ■ f cs 33 (cs sw> 

r cmd * ^ 6 ped + ^sw 5 latstk 


TRM„ 


sign(l,6 )(l-CS_ tf )+K sign(l,« )CS, 
r BUT “tou 


TRM„ 


BUT 


SW 


li». t 


TRM 


l« I fig. K k 

* ntim rnrm 


BUT 


BUT 


l« I iSEl «p_ l< 


BUT 


BUT 


15. 

16. 


r TRM * /f TRM dt 




^*TRM dt 


17. r 


'TRM 


(K^. = 1 AND f cu = 1) OR (K /r =l AND 1-^=0) 
(1^ * 1 AND fgy * 0) OR (K /r =l AND t gw *l) 


18. 


19. 


20. 


r = K R„._ + r 
C r c CMD C TRM 


{' * 
c 


r = 

c 


(r c - r c )/, IAW 


ft' dt 
c 


t yaw * 0 


t yaw = 0 

T YAW * 0 


t yaw * 0 


2!. r pB = (1 - K^) r s + K^r 


U6 


0.02 

0.02 



r/r FB dt 


(K /r « 1 AHD » 0) 


22. r 


JWT 


(*fr * 1 ^ »SW “ 1} 


K fr = 0 


23 ‘ r e * r TRM + r c' +<?:> V ^ P FB^ W (r UIT * V> 


2k. * « K K 

e TRM r e r e 


II 


25. r 


TRM 



LIM 


TRM 


LIM 


r e - r e 
TRM L3M 


ATT 


-r 


< r 


< r 


'LIM 


'TRM 


UM 


p <-r 
e TRM " e UM 


26. 

S TAW - % 

27. 

O 

II 

** 

28. 

Srt 


** ’s w- 


+ K r e “ K a g \ 

TRM e y y 


CG 


f^l in the previous iteration and became * 1 in this iteration. 


in the previous iteration and became = 1 in this iteration. 


Otherwise Tg^ is unchanged. 


Constants: r 


'LIM 


*r 


TRM. 


» K 


■TRM, 


g 


- I - S g — 8 ; V A* ^SW’ 6 PED* 6 LATSTK* *r m * 6 Pbut » n y CG * *» f * r » r s 

Outputs : 6y AW 
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2 . 3.5 Heave Control Sy»t< 


*« “ K i 4 HEAVE 

c *c 


2. K - f (V > 
*. CS 20 


3 - *. -*cs ‘V 

•l 21 


e c 


5 . i • K K z 

e TRM *e J z e e e 


6 . T 


Ik 

C TRM 


*LIM 

J T dt 
C TRM 


T * T 
e TRM “ ^LIH 


— T < T < T 

e LIM e TRM ^LIM 


-T 


LIM 


T < -T 
e TRM " LIM 


7 . T 


CMD “ (K z *e + T e ^ CS SW + K THROT fi THROT 
e e XKn 


gSBStante: *> z . T e » ^HROT 

e LIM 
c 

Inpu ts: CSgy, V A 

T CMD 


hd 



2.4 Aircraft Equation* of Motion 

VATOL aircraft routinely fly through |o| * 90 dag which la a singular 
point In the standard body rata to Euler angle rata transformation where 
| and p are not defined. To avoid this singularity the direction cosine 
transformation between body and Inertial axes was implemented. Since 
this modified form may not be available In the Ames BASIC routines t the 
equations of motion used in the SF-121 application are given here. Equations 
26 through 35 (based on similar relations in reference (a)) correct the direction 
cosines for integration error to maintain the orthonormality of the trans- 
formation. 


I I 

lm 4oi " l(L T0T ~ L GYR0 )/I x + I I ^TOT ~ N GIRO^ /(1 ~ TT"* 

X Z X z 

I I 2 

2 * H XOT “ I0 *T0T ” N GTR0 )/1 Z + I I ^TOT “ “ TT * 

X Z X z 


3. P - ql(- 


XX 


(I - I ) I 

' tr w' % 


I 2 (I - I ) 

we ' m if' 


X 

+ i 4ot 


y x . xx. , x* . s y 

+ -j“) P - (- + 1 )*J/(1 ~ 

- x xx x 


XX 


I I 

X X 


4 . 

P " 

/ p dt 
I 

5 . 

a 

q ■ 

xx , , 
l“ (r 

y 

e 

6 . 

q " 

/ q dt 

7 . 

e 

r - 

q K- - 


(I - I ) 

X X 

I 

y 


2 2 
„ (I - I ) I L 

*z. , , xx y X .,-,., xx , 

—It + t- Yf- - i >p- — > 


1 (I -1)1, I “ (I - I ) I 

xx x y xx. — ” - 

I I " 1 

Z X X XX X XX 


TOT 


8. r ■ /r dt 


9 . d u - d £ 2 r - d l3 q 
10. d n - /d xl dt 


11. d 12 - d' 3 p - d£ x r 


b9 



12 


13. 

d 13 

d ii ’ - <*£2 p 




14. 

d 13 * /d 13 dt 




15. 

*23 ' 

d 22 r - d 23 ’ 




16. 

d 21 

/d 21 dt 




17. 

*22 - 

d 23 p - d n r 




18. 

d 22 “ 

/d 22 dt 




19. 

d 23 

d 21 q “ d 22 P 




20. 

d 23 ‘ 

' d 23 dt 




21. 

d 31* 

d 32 r " d 33 q 




22. 

d 31 “ 

/d 3i dt 




23. 

d 32 “ 

d 33 p “ d 31 r 




24. 

d 32 ” 

/d 32 dt 




25. 

d 33 

d 31 q “ d 32 P 




26. 

d 33 " 

/d 33 dt 




27. 

^G 

“ d ll d 22 d 33 + d 12 d 23 d 31 + d 

13 d 32 d 21 

- d 



" d 12 d 21 d 33 " d 13 d 22 d 31 " 

d ll 

d 12 

d 13 




d 21 

*22 

d 23 




d 31 

d 32 

d 33 


2d. d'j^ -0.5 (d^ + d 2 2 d 33 " d 32 d 23^ DC MAG 

29. d' 2y - 0.5 Cd 21 + d 32 d i3 “ d i2 d 33^ D SlAG 

30. d'^ - 0.5 (d 31 + d 12 d 23 - d 22 d 13^ DC MAG 

31 • d l2 “ 0,5 W 12 + d 31 d 23 “ d 21 d 33 )/DC MAG 
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J2. <*22 

* 

0.5 (d 22 + d u d 3 3 - d 31 d 13 )/DC MAG 

33. dj 2 

m 

0.5 (d 32 + d 21 d u - d 11 d 23 )/DC^ G 

M. d£, 

m 

0.5 (d 13 + d 2i d 32 “ d 3i d 22 )/DC MAC 

35 • d £ 3 

m 

0.5 (d 23 + d n & u - d 1 i d 32 )/DC MAG 

“• d 33 

m 

0.5 (d 33 + - d 2i d i2 )/D Si4G 

37. a 

m 

- qw + rv + gd 31 + Xjqj/b 

38. u “ 

m 

/ u dt 

39. v 

m 

- ru + pv + gd' 2 + Y TOT /m 

40. v 

m 

/v dt 

41. w 

m 

- pv + qu + gd' 3 + Z^^m 

42. x e 

m 

d il u + d 12 v + d 13 “ 

43. x 
e 

m 

S i dt 
e 

44. y e 

m 

d 2l“ * d 22 v + d 23" 

45 • y e 

m 

/ y e dt 

46. z 

e 

m 

d 31 u + d 32 V + d 33 W 


47. 

48. 

49. 

50. 



fz dt 
e 

x TOT 

m 

y tot 

m 

*T0T 


51. p ■ p cos a + r sin a 

3 

52. r ■ - p sin a + r cos a 

s 


To track 0, 4, and 41 and provide 8 for control system gain scheduling, 
the standard Euler angle rate - body rate relations are implemented with the 
modification that when 89. 999943<J 0 J <_ 90.000057 deg, ¥ and | are frozen until 
6 exceeds these limits: 

53. 0 ■ q cos 4 “ r ♦ 

54. 0 - / 0dt 
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If 89. 999943^1 9 1 <_ 90.000057 skip to equation. 57. 

55. + » p + tan 9 [q sin ♦ + r cos 4 ] 

56. £ * (r cos ♦ + q sin + ) sec 9 

57. t - / ♦ dt 

58. • f dt 

Equations 55 to 58 provide an excellent approximate solution for $ and 
each time | 6 | enters the 90 i 0.000057 deg region, error is introduced 
proportional to the tine spent there. 


Constants: I . I , I , I , k. o 

x y * xz 

- nput8 : X X0T’ y tot‘ ^tot’ n tot* l gyrq» m gyro” n gtro* 0 

Outputs: u, v, v, p, q, r, 9, z , n , p , r , u, w 

6 y CG 8 8 


2.5 Air Data Equations 

The equations herein define the air data quantities required to cal- 
culate the various forces and moments acting on the vehicle. These relations 
are available in Ames BASIC routines but are included here for completeness: 


1. 

2 . 

3. 


AS 


u - u 


AIR 


V AS * V - V AIR 


W AS “ W “ W AIR 


A. V 


A 


-/ 


2 , 2 . 2 
U AS + V AS +W AS 


if. (X m 


tan ' 1 (Wjj/.jj) 


(“as" " "as“ )/( “as 2 + "as 2> 


2 . 2 

U AS +W AS 

. 2 . 2 

AS + W AS 


0 

0 


7. P - fvz e ) 

8 ‘ V SS " f(z e ) 

9- \ “ V V SS 

10. q - P/2 V 2 
A 
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Constants : 
Inputs: 


Outputs : 


None 

u, v, w t u, w,* e 

u^jj^, v AIR , are user defined alrmass velsclties 

(l.e. steady vlnds, turbulence) 

The functional relations for p and Vg g are talun. from 

standard atmosphere data. 

"as 1 "as 1 "as 1 V • • « 1 » • V » 


53 



3.0 SF— 121 Data Base 


This section details the data used In the application of the 
generalized VATOL math model to the Vought SF-121 (Ref (b) ) conceptual 
aircraft. 

3.1 Mass Properties 

W - 16375 lb. 

I x - 7959 slug ft 2 

ly ■ 52609 8 lug ft 2 

I z - 58337 slug ft 2 

ly^ - -202. A slug ft 2 

3.2 Geometry Data (all dimensions in ft unless otherwise noted) 

1. Reference center of gravity 

FS cg - 33.46; BL C( , - 0.; WL C(J - 8.25 

2. Wing reference center of pressure 

FS W (1) - FS W (2) - 36.67 

BLyd) - -5.83; 81^(2) - 5.83 

WLyd) - WL W (2) - 8.25 

3. Canard (Horizontal Tail) reference center of pressure 

FS H - 26.04; Bl^ - 0; WI^ - 9.58 

4. Vertical tall reference center of pressure 

FS - 44.67; BL « 0; WL - 13.08 
v v v 

Fuselage reference center of pressure 
FS p - 14.50; BLp - 0; WL p » 8.25 
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5. 



6. Engine inlet locations (n ■ 2) 

Cn| 

FS in (1) - FS in (2) - 22.17 

BLj N (1) - -2.75; BLj N (2) - 2.75 

WL^Cl) - WLj. n (2) - 8.33 

7. Swiveling nozzle center of rotation 

PS SW (1) - FS gw (2) - 45.92 

BLg w (l) - -1.85; BLg W (2) - 1.85 
WLgyd) - WLg W (2) - 8.33 

8. RCS jet locations (n JET ■ 2) 

FS JET< 1) ■ re jEI <2) - M - 5 
BL jet (1) - -13.33; BL jet (2) - 13.33 

hi jet (1) ■ wi -jet ( 2) ‘ 8 ' 33 
e jET (1) ' W 2 > ' - 1 - 5708 r * d ’ 

’jet* 1 * “ ’jet < 2) " c 

3.3 Aerodynamic Data 
3.3.1 Lifting Surface Data 

Table 3-1 specifies the data required by the generalized aerodynamic 
equations (Section 2. 0.1.4) to calculate the lift, drag, and moment of the 
wing, canard (horizontal tall), and vertical tail. 
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Table 3-1 - LIFTING SURFACE AERODYNAMIC DATA 


‘ ^^SURFACE 

PARAMETER - 

WING 

HORIZONTAL 

TAIL 

VERTICAL 

TAIL 

AR 

2.30 

2.25 

2.00 

AR 

e 

2.14 

0.996 

2.00 

S - ft 

350. 

115.8 

60.0 

S - ft 
e 

217.2 

51.1 

60.0 

\ “ rad 

0.709 

0.934 

0.785 

" rad 

0.873 

1.047 

0.925 


0.15 

0.25 

0.30 

\ax 

1.06 

1.12 

1.030 

- rad 

0.593 

0.515 

0.471 

a - 1/rad 
0 

6.045 

6.045 

6.045 

C D 

0 

0.00394 

0.00281 

0.004; . 

d/b 

0.253 

0.442 

0.179 

(ACL o / 6 TEF ) ‘ 1/rad 

0.974 

0.1065 

0 

(ac l ma: / 6 tef ) ‘ 1/rad 

0.630 

0.1065 

0 

(ac d /6 tef > * 1/rad 

0.172 

0.0865 

0 

(A VW ‘ 1/rad 

-0.343 

0.432 

0 

(Aa MAX /( W ' 1/rad 

0.091 

0 

0 

(ac l /6 lef > " 1/rad 
0 

-0.0859 

0 

0 

- 1/rai 

0.304 

0 

0 

(M VW - 1/rad 

0.00602 

0 

0 

W - 1/rad 

-0.0191 

0 

0 
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Table 3-1 - LIFTING SURFACE AERODYNAMIC DATA (continued) 


* -^SURFACE 

PAPAMETER ' — ■ — — 

WING 

HORIZONTAL 

TAIL 

VERTICAL 

TAIL 

< d< W " rad 

0.525 

0 

0 

(Aa TEF ) “ rad 

0.873 

0.525 

0 

«1 

0.571 

0.495 

0.749 

gp 2 

0.175 

0.727 

-0.028 

cp 3 

0.734 

0.800 

0.976 


3.3.2 Additional Wing Data 

To convert the outputs of the generalized aerodynamic equations 
to wing forces and moments, the following additional wing data are required 
(See constant list for Section 2. 0.1.1): 


(1) ■ (2) ■ 0 (The SF-121 elevons are modeled as trailing 

^ ^ edge flaps not as control surfaces which 

change the wing angle of attack as a function 
of control deflection) 

i w (1) ’ 1 w (2) " 0 

b - 28.38 ft 
w 

c - 14.58 ft 

V 


c. - o 

\ 


C. - -0.235 1/rad 
8 


C 1 - 0.275 1/rad 
r 

C L 


^ - -0.192 1/rad 

Pw 


57 






-0.132 1/rad 



C . - -0.166 1/rad 

\ 2 


C * -0.453 1/rad 

c,. 


C - -0.577 1/rad 

v 


o 

w 


Wing trailing edge flap (elevon) effectiveness ) is a 


function of flap deflection: 


TABLE 3-2 - ELEVON EFFECTIVENESS AS * FUNCTION OF ELEVON DEFLECTION 

<f i > 

AERO 


6 

TEr 

(rad; 

«1 > 
AEPO 

0 

1.0 

0.175 

1.0 

0.349 

0.77 

0.524 

0.59 

0.698 

53 

1.047 

0.45 

1.745 

0.45 




3.3.3 


Additional Horizontal Tall (Canard) Data 

To convert the outputa of the generalized aerodynamic equations 
to canard forcea and m ome n ta, the following additional data are required 
(Sea constant list for Section 2. 0.1. 2): 


(c/C^ ) - 0.162 rad 




- 6.42 



(The effects of the canard trailing edge flap are 
calculated by the generalized aerodynamic equations) . 


3.3.4 Additional Vertical Tail Data 

To convert the outputs of the generalized aerodynamic equations 
to vertical tail forces and moments, the following additional data are 
required (See constant list for Section 2. 0.1. 3): 


K v - 0 


K 


a 


6 

r 


0.5 (The rudder is modeled as a control surface which 
changes the tail angle of attack os a function of 
control deflection) 


c v - 8.49 ft 


C 


n 

o 


V 


- 0 . 


Vertical tail control surface (rudder) effectiveness (Kppp ) 


is a function of control surface deflection (6_ ): 

°V 
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TABLE 3-3 RUDDER EFFECTIVENESS AS A FUNCTION OF RUDDER DEFLECTION 


(f. 


) 


AERO 


6 °v 

(rad) 

s 

u o 

fe 05 

0 

1.0 

0.175 

1.0 

0.349 

0.82 

0.524 

0.62 

0.698 

0.55 

1.047 

0.47 

1.745 

0.47 


attack: 


Vertical tail effectiveness (V ) is a function of angle of 

EFF 


TABLE 3-4 - VERTICAL TAIL EFFECTIVENESS AS A FUNCTION OF 

ANGLE OF ATTACK (f, ) 

J AERO 


a 

(rad) 

V T 

EFF 

( f 3 ) 
AERO 

-3.142 

1.00 

0.349 

1.00 

0.524 

0.70 

0.698 

0.25 

0.873 

0 

2.269 

0 

2.443 

0.25 

2.618 

0.70 

2.793 

1.00 

3.142 

1.00 


6o 





3.3.5 Fuselage Data 

The following data are required for the fuselage forces and 
moments equations (Section 2. 0.1. 5): 


<a/i>max ■ !•*« “ 2 

n^ • 2.0 


(S/qJjjAx “ 367.8 ft 2 

n^ * 1.867 


'Wmax ■ 367 •» 

n 3 » 1.522 


<M/q W 1 “ 532,0 ffc3 

n^ * 0.8 


(M/q) KAX 2 " “ 110 * 6 ffc3 

n^ » 1.0 


<N/q) MAX " 532,0 ffc3 

n 6 - 0.8 


(N/q) MAX 2 * - 110 * 6 ffc3 

n^ ■ 1.0 


a m 0.03A9 rad 
°F 

AFS p - 17.8 
0 

ft 

a. * 1.536 rad 
F 

Apg - 0.262 

rad 

a. “ 1.571 rad 
F 

A,S » 0.803 

rad 


Ky - 0.0 


3. A Propulsion Systesr Data 

The SF-121 baseline aircraft uses two (n en ^ ■ 2) scaled MFTF- 
2800-2^-1 engines (Ref (b) ). The performance and physical characteristics 
(Section 3. A. 2) of these "paper” engines were developed by Vought from a 
Pratt and Whitney parametric cycle analysis computer program. Vought and 
Pratt and Whitney believe that the resulting performance is attainable for 
a 1995 IOC. 
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3.4.1 Propulsion System Forces and Moments Data 

The following data are required to calculate forces and 
moments due to direct thrust, ra. drag, and Coriolis effects once thrust, 
inlet mass flows, and thrust vectoring have been determined: (See 

constant list for Sections 2.0.2, 2.0.3, and 2.0.5) 

£ noz • 4,26 ft k aft 1 - -°- 13 

*DUCT ” 27,92 ft K AFT 2 " 1,0 

o-0 r - 1.31 ft 

y IN 

3.4.2 Propulsion System Performance Data 

Gross thrust levels for idle, minimum afterburner, and maximum 
afterburner power settings are functions of Mach number (M„) : 


TABLE 3-5 - IDLE AND MINIMUM AND MAXIMUM AFTERBURNER THRUST 

MS FUNCTIONS OF MACH NUMBER (f ps , f ps , and f pg ) 


*N 

P C * 

g idl 

(f psl > 

F G * 

g min 

(f PS 2 ) 

V* 

V 

0.0 

629 

9323 

15416 

0.1 

753 

9491 

15705 

0.2 

1004 

9772 

16162 

0.3 

1306 

10105 

16705 


•Single engine data in pounds 
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Maxima Inlet 


aass flow rate 


<W 


Is also a function of 


V 


TABLE 3-6 - MAXIMUM INLET MASS FLOW RATE AS A FUNCTION OF 

MACH NUMBER (f_ c ) 

PS? 


“n 

• 

"max* 

^PS?* 

0.0 

138.2 

0.1 

140.1 

0.2 

143.1 

0.3 

146.5 


*S ingle engine data In lbu/sec 


The fraction of which actually enters each engine is linearly 

related to the ratio of engine thrust level to mininum afterburner 

thrust (F_ ) by the constants K and X : (Used In Sections 

G MIN °1 “2 

2.1.2 and 2.1.4) 

K - 0.565; K - 0.435 
°1 m 2 

Loss of gross thrust due to RCS bleeding Is linearly related 
to percent bleed by the constants Kg?, and Kg?, : (Jsed In Section 

2.1.1 and 2.1.4) 


V - -0*0276. ^ 


1.0 
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3. A. 3 Propulsion System Dynamics Data 

Engine deceleration end acceleration limits and tine constants 
are functions of fractional minimum afterburner thrust (Tp(I) ) : 


TABLE 3-7 - ENGINE ACCELERATION AND DECELERATION LIMITS AND TIME 

CONSTANT AS FUNCTIONS OF FRACTIONAL MINIMUM AFTERBURNER 
THRUST (f-g , f BC , and f ne ) 


PS. 


PS. 


T p (I) 

W 1 ■ - -3 

• 

T 

f max 

(f PS * 

4 

q 

*F 

MIN 

^PS^ 

T “■•< 

ENG 

l V 

0 

0.10 

-0.100 

1.0 

0.133 

0.40 

-0.400 

0.5 

0.200 

0.40 

-0.475 

0.4 

0.333 

0.40 

-0.625 

0.3 

0.667 

0.40 

-1.000 

0.2 

1.0 

0.40 

-1.000 

0.2 


The afterburner is lit when T._ > T flT1 or when T (l)/F_ > 1. For the 

"in " "on C MIN 

SF-121, T,_ * 0.1. The afterburner is turned off when T._(l) < T 

^ON " " "OFF 

For the SF-121, T._ = 0.001. 

"off 

The time constant and deceleration and acceleration limits of the afterburner 
response are: (Used in Section 2.1.1) 

t - 0.05 sec; T _ - 20.; T - -20. 

" "max "min 


Data required for calculating engine angular momentum include 

fractional rpm as a function of fractional minimum afterburner thrust 

(Tp(I)), engine moment of inertia » maximum engine rotational speed 

(Q ): (Used in Section 2.1.3) 

nAX 

J ENC * slug 

0 ■ 1063.8 rad/sec * 10159 rpm 

*MAX 
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TABU 3-8 - FRACTIONAL BFM AS A FUNCTION OF FRACTIONAL MINIMUM 

AFTERBURNER THRUST (f_ c ) 

FS 8 


T f (I) 

f rpm 
< f PS > 

a 

0 

0 

0.133 

0.280 

0.200 

0.490 

0.333 

0.665 

0.667 

0.835 

1.0 

1.000 


The generic VATOL model thrust command Includes which is 

formulated in the control system plus an option for yaw control using 

differential thrust. The yaw control option is not included in the SF-121. 

Therefore, K_, in Section 2.1.1 is zero for the SF-121. 

Y 

3.5 Inlet Ram Forces and Moments Data 


Inlet ram moment arm 


normalized to equivalent inlet radius 


the angle between actual inlet flow angle and geometric inlet flow angle 

(^TURN> ' 801(1 the ratl ° of actual ram drag to theoretical ram drag 

(hg) are all functions of inlet velocity ratio and geometric inlet 

flow angle (A^ ) : 
o 
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TABLE 3-9 - NORMALIZED INLET RAM MOMENT ARM AS A FUNCTION OF INLET VELOCITY RATIO 

AND GEOMETRIC INLET FLOW ANGLE (f ) 

R 1 


A TURN d 







\(rad) 







V0V IN \ 

0 

0.349 

0.785 

1.222 

1.571 

3.142 

0 

0* 

0.148 

0.293 


1 


0.227 

0 

0.0811 

0.187 

0.286 

1 


0.298 

■ 

0.0578 

0.147 

0.250 

0.318 


0.514 


0.0195 

0.0868 

0.203 

0.297 

0.297 

10.0 

0 

0.0195 

0.0868 

0.203 

0.297 

0.297 


*When Lj^j ■ 0, ram drag acts at the center of the Inlet plane parallel to 
the engine centerline. 


TABLE 3-10 - DIFFERENCE BETWEEN ACTUAL AND GEOMETRIC INLET FLOW ANGLES AS A 

FUNCTION OF INLET VELOCITY RATIO AND GEOMETRIC INLET FLOW 

ANGLE (f ) 

*2 


\ A TURN 

X o 

^^rad) 

V0V IN \ 

0 

0.349 

0.785 

1.222 

1.571 

3.142 

0 

0 

0.225* 

0.340 

0.273 

0.147 

0.147 

0.227 

0 

0.225 

0.340 

0.273 

0.147 

0.147 

0.298 

0 

0.135 

0.217 

0.211 

DB 

BBSl 

0.514 

0 

0.0887 

0.202 

0.202 

mm 

B 

10.0 


0.0887 

0.202 

0.202 

0.220 

0.220 


* aa turn data are In radians 































TABLE 3-11 - ACTUAL TO THEORETICAL INLET RAM RATIO AS A FUNCTION OF 

INLET VELOCITY RATIO AND GEOMETRIC INLET FLOW ANGLE (f B ) 

R 3 


N. ^TURN 

o 

(rad) 

VOV N. 

IN 

0 

0.349 

0.785 

1.222 

1.571 

3.142 

0 

1 

1.0 


na 

1.402 

1.402 

0.227 

I 

1.0 




1.402 

0.298 

■ 

1.0 

1.127 

1.234 

1.243 

1.243 

0.514 


1.0 

1.016 

1.092 

1.108 

1.108 

10.00 

1.0 

1.0 

1.016 

1.092 

1.108 

1.108 


3.6 RCS Forces and Moments Data 

The SF-121 aircraft has RCS control capability in roll only. The 
two ( n j£^ ■ 2) jets are located at the wing tips. Pertinent data for the 
jets are as follows: (See constant list for Section 2.0. A): 

B REF " 3,5 P ercent 


r *cs m <» - 'kcs^' 2 ' - 1500 “>• 

DMD(l) ■ DMD(2) * 1. (It is a demand bleed system). 


BLDM(l) - BLDM(2) ■ 1. (The system can demand more than the reference 

bleed level) . 


F 

RCS 

r RCS 

F 

RCS 


( 1 ) 

MAX 

(•-) 

MIN 

( 1 ) 

a max 


f Drc (2) - 15000 lb/ sec 

RC!s max 

K r ~ (2) - -15000 lb/sec 
RCi5 MIN 

F RCS < 2 > - 1500 lb 
^MAX 


f rcs a (1 > - f rcs a < 2 > - - 1500 lb 

MIN nlN 

t FRCS (1) ■ t frcs ( 2) * 0,05 sec 
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Available RCS force per engine la a function of percent bleed. The 
appropriate data are presented In Table 3-12. They are used In 
Section 2.0.4 as f. 


. with percent bleed (either or as the Input 


RCS ] 

and also as f,,^ with desired RCS force (F Drc ) as the Input. The data 


RCS, 


RG Lu 


are for the MFTF-2800-25-1 engine which Is quantified in reference (c) . 


TABLE 3-12 - AVAILABLE RCS FORCE AS A FUNCTION OF PERCENT BLEED 
^RCSj^ 8nd f RCS 2 ** 


b avl or b ref 

(f RCS 2 ^“ * 

RCS FORCE** 
< f RC Sl > ' lb 

0 

0 

3.5 

0.01 

4.5 

170.0 

10.0 

365.0 

15.0 

500.0 

30.0 

875.0 


*When table is entered with B^^ or Bp E p the output Is 
RCS force which is fp^,, • When table Is entered with force 
output is percent bleed which is fp^. • 

**Per engine 
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The flow dynamics of the RCS efflux are represented by equations 
13 and 14 of Section 2.0.4. These dynamics are cascaded with the RCS 
area actuators. The requls -e flow dynamics constants are: 


Fppc CD - F Rr p (2) - 15000 lb/sec 
rc *max RC5 max 


F (1) - T (2) - -15000 lb/sec 
RC5 min rcs min 

W «> ■ f rcs, «> • 1500 lb 

mAX «AX 

Vs, (1) ’ F RCS, (2) --1500 1b 
TON MIS 

T racs (1 > ■ t frcs (2) ‘ °- 05 8CC 


3.7 Actuation System Data 


3.7.1 Constants for Formulating Actuator Inputs 

The linking of the primary control variables (6p 1TCH > S^oLL’ fi YAW^ 

to form the various actuator inputs is specified by the constants listed 
in Section 2.2.1. For the SF-121 these constants are: 

6 


TEF - 0. 
W R 

6 - 0.436 rad 

a MAX 

- 0.436 rad 

®KAX 

5 - -0.436 rad 

a MIN 

■ -0.436 rad 

e MIN 

K. - -0.436 
0 

a 

. - -0.436 

6 

e 

K. - -0.436 
0 

y 

6 6 " °* 
y r 

(1) - (2) 
REF REF 

6_6 " -°* 262 
T p 

A X “0* 

Vr 

* A " -°* 262 

Vy 

IX "0* 

r T r 
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The leading edge wing flaps and trailing edge canard flaps on the 
SF-121 are programed as functions of angle of attack. The requisite 
constants for this feature are as follows: 


*LEF ’ A * 17 
™W1 

Kt„ - 5.56 
xef hi 

K. f _ - -0.189 
XEF W2 

K-.pt> " -1*164 
TEF H2 


3.7.2 Actuator Dynamics Data 

The actuators are all rate and position limited. These limits 
plus time constants are specified in Table 3-13; 
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TABLE 3-13 - ACTUATOR CHARACTERISTICS 


TIME 

CONSTANT 

(sec) 

O O rH rH rH O OOOOOO 

• ••• • • 

OOOO O O OOOOOO 

LONER 

RATE 

LIMIT 3 

n n n n 

'O ^ H H rH O O 00 00 00 00 

• • » •••*•• 

OOOO O I-H OOOOOO 

till 1 1 rH rH 1 I 1 1 

1 1 

UPPER 

RATE 

LIMIT 3 

n m n n 

55S5rHHr^r^zr^z<riS2; 

vOsDrHH rH r** O O 00 00 00 00 

oodo o rH ocoooc 

rH rH 

LOWER 

POSITION 

LIMIT 2 

< < r^. cmcmcmcn 

tz Z: <r <r 2; o k cn X X vo o o so 

OCOO CM >3“ O o M CM N N 

rH rH O O O O rH rH O O O O 

II 1 1 1 1 1 1 1 1 

UPPER 

POSITION 

LIMIT 2 

rH N r* <r ^ X W CM CM CM CM 

<<^MrcMM<^<pn<< ko \v \o \o 

Z^OOiniA^^Z^a^OOCNCMcMN 

rH rH O O O O rH rH O O O O 


i 















C 

o 











a 







0 

*»H 


e 









cd 

<x 






*H 

G 

C2 

o 









rH 

cd 


CL 




G 

U 

o 

*iH 








at 

Pu 

rH 


cd 

a 



U 

G 

•H 

G 








o 


a- 


rH 

cd 



G 

rH 

G 

G 




a 




cd 

at 


at 

Ph 

rH 



rH 

VH 

G 

G 




cd 

cx 

cx 


<AL 

00 

at 

o 


P. 



CG 

G 

G 

rH 




rH 

td 

cd 

tx 

G 

TJ 

00 

cd 

0> 




G 

a 

rH 

<G 


0) 


tl. 

rH 

*H 

cd 

3 

W 

H3 

«-M 

00 

at 



P 


GA 

G 


o 

at 


Pl 

Pl 

rH 

W 


X 

G 

X) 

00 




G 

G 

a 


cd 

u 

0) 



pu 


00 


3 


*0 



G 

(0 

P 



U-t 

cd 

00 

at 

at 


rH 

c 

00 

co 


w 


cd 

CO 

D 


u 


G 

Wm 

XJ 

00 

cO 

at 

O 

•H 

a 


00 


cd 

at 

3 

G 

G 

to 


3 

g 

W 

X5 

XJ 

00 

G 

rH 

*H 

rH 

C 

to 

G 

G 

G 

42 

to 

3 


CO 

3 


W 

w 

*0 

G 

*rH 

XJ 

o 

*H 

c 

G 

< 

X 

H 

3 

G 

PS 


00 

00 



PJ 

c 

cd 

cd 

G 

rH 


<4 


H 


G 

42 

o 

*H 


c 

00 

00 


o 

G 

at 

G 

iH 

X* 


G 


42 

X 

H 

H 

O 

rH 

•H 

c 

c 

00 u 

H 

X 

d 

cd 

cd 

AJ 

G 

X 

U 

l * 


< 

G 

o 

rH 

*H 


c 




Q 

G 

G 

0) 

*“> 

u 

G 



P 

g 

u 


rH 

-o 

•H 

rH 

rH 

rH 

o 

H 

rJ 

*-) 


G 


* 

cd 

H 

C 

G 

cd 

iH 

cd 


•H 

T i 

*H 





to 

*H 

CG 

cd 


b 

o 

d 

g 

cd 

at 

cl 

cd 

cd 

Cd 

rH 

rH 

rH 

V7 

u 

X 


>4 


< 

CJ 

o 

H 

g 

X 

at 

H 

H 

H 

-H 

•H 

*H 

c 

PS 


G 


G 



u 


H 


X 




cd 

cd 

Cd 

PS 


G 

C 

G 

C 


00 


00 


00 


rH 

rH 

rH 

H 

H 

H 


00 

a 


C 



c 

op 

c 

00 

c 

00 

cd 

cd 

cd 




^0 

c 

*H 

00 iH 

to 



C 

•H 

a 

•H 

c 

G 

G 

G 

rH 

rH 


• 

-H 

00 

d 

00 c 


Pt 

*H 

Pc 

*H 


♦H 

c 

C 

a 

cd 

cd 


c 

? 

c 

pj 

c 

V2 








o 

o 

0 

G 

a 

w 

rf 


X 


w 



G 


G 


G 


N 

N 

N 

*H 


*H 


G 


G 


G 


42 

G 

42 

G 

42 

G 

*H 

*iH 

tH 

G 



AJ 

42 

G 

42 

G 

42 


00 

WM 

00 M-i 

00 G 

G 

G 

G 

g 

G 

M 

UH 

00 «G 

00 Ga 

00 


•H 

at 

*H 

G 

•H 

at 

O 

O 

O 

at 

at 

at 

G 


a> 

*H 

G 

•H 


PS 

>2 

os 

P 

PS 

r4 

X 

X 

X 

> 

> 

> 

rJ 

PS 

rJ 

PS 

X 

PS 


co 

o 


G 

rH 

42 

<Q 

O 


a 

a 

<o 


o 

c 

0) 

g 

s 


X* 

G 

N 


O 

e 

G 

G 

cd 

X 

V 


X 

5 


to 

cd 

G 


ca 


i/j 


u 

OS 


3 


x> 

cd 

g 

G 

G 

«d 

W 


I 


cm 


m 
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all units are rad/sec except RCS areas which are 1/sec 



3.8 


Control System Data 


3.8.1 Control System Function Switch Data 

The control system function switch changes the heave, yaw, 
and pitch axis control system types and the roles of the pedals and lateral 
stock deflection as a function of airspeed. The required constant is: 

V. = 60 kt = 101.28 ft/sec 

3.8.2 Roll Control System Data 

Most of the roll control system gains are specified in Section 

2.3.2 as functions of airspeed (V A ). Several of these were determined to he 
constants for the SF-121 : 

Kp = f^ fV A ) = 0.611 rad/ sec 

C I ^ 

K = : '") = C.5 rad/rad/sec 

P A 

P ; 

W <T * ! ■ 10 

'SO-,- - f CS 22 <V ■ 0 

The SF-121 roll control system input gain (K ), error gain (K ), and 

p c p e 

error integral gain (K ) remain functions of and are specified in 

?e Il 

Table 3-ik: 


TABLE 3-1 It ROLL INPUT, ROLL ERROR, aND ROLL ERROR INTEGRAL GAINS 
AS FUNCTIONS 0* AIRSPEED (f„ , f^ , AND f^ ) 


cs 1 * *cs 3 ’ 


V. (kt) I V, (it /sec 



2 


Several of the roll control system gains are functions of 
CSgy. These are specified in Table 3-15: 


TABLE 3-15 


ROLL RATE, INTEGRAL OF ROLL RATE, AHD ROLL 
ATTITUDE SELECT® GAMS AS FUHCTIOHS OF 


CS, 


Stf 


(f~ , f ps , “ d F CS J 

^23 ^Zh 25 



Other required data for the SF-121 roll control system are 

as follows: 


= 1 . 0 ; K 


= K 


= 0 . 


'LIM 


"TRM^ TRM^ 


Rote that K and K are gains on lateral 3tick deflection 


or pedal deflection and might have to be adjusted to satisfy control 
sensitivity requirements. The ratio between K and K should .not, 

P c 

however, be altered. I 


3.8.3 Pitch Control System Data 

Similar to the roll system, many pitch control system gains 
are specified as functions of V^. Three of these are constant for the 
SF-121: 




K 

q ATT 


fp- (V ) = 0.2 rad/sec/rad 

L&10 A 

"CS = °-5 rad/rad/sec 



(V ft ) = 1.0 rad/rad 
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The pitch control system input gain (K ), input integrator gain (K ), 

q c 

X 

input shaping filter time constant 511(1 error gain (K ) remain 

functions of and are specified in Table 3-16: 

TABLE 3-16 PITTS INPUT, PITCH INPUT INTEGRATOR, AND PITCH ERROR 

gains and pitch shaping filter time constant as functions 

OF AIRSPEED (f^. ^ 


V A (kt > 

V A (ft/sec) 

\ 

< f cs 7 > 

OO M 

\ 

(f cs 9 ) 

t pitch 

(f cs ) 
^26 

0 

0 

0.262 

0 

10.0 

0.25 

59- s 

100. fcU 

0.262 

0 

10.0 

0.25 

60.G 

101.28 

0.105 

0.3^9 

15.0 

0.0 

80.0 

135. 0k 

0.105 

0.3U9 

15.0 

0.0 

120.0 

202.56 

0.105 

0.3^9 

8.00 

0.0 

200.0 

337.60 

0.105 

0.3U9 

5.0 

0.0 


Two of the pitch control system gains are functions of CSg^. 
These are specified in Table 3-17: 


TABLE 3-17 INTEGRAL OF PITCH RATE AND PITCH ATTITUDE 
SELFCTOR GAINS AS FUNCTIONS OF CS^ 



Cther required data for the SF-121 pitch control system are 

as xollovs: 



1 . 0 ; 


K = 0; 
’TRM. 


j. 



* 0.3^9 raa/se: 









Similar to the roll control system, K and K are subject 

C I 

to change due to control sensitivity considerations; the ratio of K to 

C I 

K should not he altered. 
q c 


3.8. U 


Yav Control System Data 


Three of the yav control system ^-scheduled gains are constant 


for the SF-121 : 


"r * f CS„ <V * °‘ 2& 
c 13 

\ * f<s u 'V * 0 

’YAH = °- 25 sec 

The yav control system error gain (X ), error integrator gain (K ), 

re ^II 

yav rate feedback gain (K ), and yav attitude feedback gain (K ) remain 

r r r ATT 

functions of and are specified in Table 3-18: 


TABLE 3-18 YAW ERROR, YAW ERROR INTEGRATOR, YAW RATE FEEDBACK, 

AND YAW ATTITUDE FEEDBACK GAINS AS FUNCTIONS OF 

AIRSPEED (f , f , f , and f ) 

C£! 15 CS l6 CS 1T I* 



v»> 

V A (ft/sec) 

0 

0 

59.5 

100 . kk 

60.0 

101.28 

80.0 

135 . ok 

120.0 

202.56 

200.0 

| 337.60 


(f CS } 
CS 15 


(f CS } 
“18 



The SF-121 requires a lateral acceleration to <$y AW feedback at high speeds. 

The gain of this feedback (K ) is a function of dynamic pr.asure (q): 

& 

y 


75 










TABLE 3-19 LATERAL ACCELERATION FEEDBACK GAIN AS A FUNCTION 
OF DYNAMIC PRESSURE (f__ ) 


q - lb/ft 2 

K a " 

y 2 
rad/ft/sec 

(f cs ) 

CS19 

0 

0 

10 

.0825 

20 

.105 

1*6 

.08 

127 

.o 4 

200 

.04 


Four of the yaw control system gains are functions of CS 


SV 


These are specified in Table 3-20: 


TABLE 3-20 


INTEGRAL OF YAW RATE, YAW ATTITUDE, YAW RATE, AND 
ROLL ATTITUDE TO YAW SELECTOR GAINS AS FUNCTIONS 

of cs gw ( f C s 32 » f C s 33 » f cs 3Q » and f cs 31 ) 


GAIN 

0 

1 

K /r (f CS 32 > 

0 

1 

*¥ ^ f CS 33 ^ 

0 

0 

K r (f CS } 
r B CS 30 

0 

1 

K. It ) 

*r CS 31 

s 

1 

0 


Other required data for the SF-121 yaw control system are as 

follows : 

r = 1.0; K * 0.3^9 rad/sec; K =0. 

e LIM P TRM„ r TRM_ 

C. d 

Similar to the pitch and roll systems, K and K are subject 

r r 

c i 

to change due to control sensitivity considerations; the ratio of K to 

r 

c i 

should not be altered. 


c 
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3.8.5 Heave Control Sgtw Data 

Two of the heave control system gains are specified as functions of V^. 
Each of these gains has just two values which depend on CS^: 


K “ f CS ( V “ , 

^20 /- 550 lb/ft/sec 


\ 


CS SW - 0. 


“sw* 0 - 


K - f 


(V.)- 


CS 21 A 


cs^-o. 


cs sw * 0. 


'I ~ l 0.2 lb/sec/ft/sec 

Other required heave control system data for the SF-121 are K* 


*0ft/sec, T e - 30000 lb, K THR0T - 30C90 lb. 


LIM 
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